A model of the tertiary structure of the Neurospora crassa carotenogenic prenyltransferase, geranylgeranyl pyrophosphate synthase (GGPPS), is presented, based on structural homology with other prenyltransferases and on the crystal structure of recombinant avian farnesyl pyrophosphate synthase (FPPS). The conserved aspartate-rich motifs DDxx(xx)D and associated basic residues, considered to be the active sites for binding and catalysis in all prenyltransferases, are highly conserved in the N.crassa GGPPS protein, while other regions display a lower degree of sequence homology; thus the GGPPS model structure is predicted to be highly reliable in the active site region. A number of carotene-deficient mutants have been generated utilizing the repeat-induced point mutation (RIP) mechanism: mutant al-3 RIP1 carries a Ser-to-Asn mutation in position 336 which falls within the predicted active site of the enzyme. Analysis of the model structure of this mutant indicates that Ser336 may be involved in substrate uptake. Two other mutants, al-3 RIP3 and al-3 RIP6 , carry mutations in positions in the GGPPS protein, homologous to regions of the avian FPPS enzyme proposed to be involved in enzyme dimerization and substrate uptake, respectively, suggesting an explanation for the reduced carotene content of these mutants.
Introduction
Isoprenoid biosynthesis is of fundamental importance in all living organisms owing to the vast number of products formed, many of which represent essential primary and secondary metabolites (Poulter and Rilling, 1981; Armstrong and Hearst, 1996) . Isoprenoids are constructed in a series of chain-elongation reactions in which the C 5 isoprenoid, isopentenyl pyrophosphate (IPP), constitutes the universal primer (Poulter and Rilling, 1981) . Isoprenoids can also be transferred to nonisoprenoid molecules and to target proteins (Clarke, 1992) . The enzymes which catalyze the linear polymerization of isoprenoid units and those which catalyze prenylation reactions are collectively known as prenyltransferases.
The genes for more than 30 prenyltransferases including C 15 farnesyl pyrophosphate synthase (FPPS), C 20 geranylgeranyl pyrophosphate synthase (GGPPS) and C 30 hexaprenyl pyrophosphate synthase (HPPS) from various organisms have now been identified and characterized. Alignment of the deduced amino acid sequences of these prenyltransferases has enabled conserved sequences to be identified and has indicated possible evolutionary links between groups of homologous enzymes. Prenyltransferases are highly conserved in eight regions (I-VIII) comprising several residues which are part of conserved motifs (Koyama et al., 1993 (Koyama et al., , 1996 . Regions II and VI contain DDxx(xx)D aspartate-rich domains (where x encodes any amino acid), first proposed by to be involved in Mg 2ϩ -mediated substrate binding (Reed and Rilling, 1976; King and Rilling, 1977; Laskovics et al., 1979; Laskovics and Poulter, 1981) . Site-directed mutagenesis and kinetic studies confirmed that the aspartate residues, in addition to other highly conserved amino acid residues in the vicinity of the two aspartate-rich domains, are critical for enzymatic activity (Marrero et al., 1992; Joly and Edwards, 1993; Song and Poulter, 1994; Koyama et al., 1995 Koyama et al., , 1996 . The active site consensus sequences in Regions II and VI were therefore redefined by Armstrong et al. (1993) and subsequently by Koyama et al. (1993 Koyama et al. ( , 1996 as LxxDDxxxxDxxxxRRG and GxxFQxxDDxxD...GK, respectively, to include these highly conserved residues. It has recently been demonstrated that the two amino acid residues immediately upstream from the conserved leucine in Region II influence chain elongation (Ohnuma et al., 1996a,b; Tarshis et al., 1996) . Other conserved motifs include a GKxxR motif in Region I in which the conserved lysine has been demonstrated to be important for substrate binding (Koyama et al., 1996) ; Region III comprises a conserved alanine, aspartate and leucine residue in an Axx(xx)DxL motif, and a GQxxD motif has been identified in Region IV (Ohnuma et al., 1996a) . While site-directed mutagenesis has still to be carried out to confirm the relative importance of the residues in these motifs, the lysine conserved as part of a KTA/G motif in Region V has been shown to be important for catalysis (Blanchard and Karst, 1993; Koyama et al., 1996; Tarshis et al., 1996) .
Multiple sequence alignments are not only important to identify conserved residues, but also can improve secondary structure predictions made from primary sequences, as a high degree of sequence homology between proteins is likely to indicate a strong structural similarity. Furthermore, it has been demonstrated that the use of evolutionary information adds significantly to prediction success (Brenner, 1992) . The average secondary structure of 13 prenyltransferases was predicted by Chen et al. (1994) to be all α-helix or α-helix/β-sheet structures dominated by α-helices.
X-ray crystallography of recombinant avian FPPS has shown, in fact, that the protein folds as a single domain, with a core structure composed of 10 anti-parallel α-helices (A-J) arranged around a large central cavity (Tarshis et al., 1994) which forms the active site of the enzyme. The conserved aspartate-rich sequences and associated basic residues of Regions II and VI are located on opposite sides of the cavity wall. Two hydrophobic depressions in the cavity wall serve as a pocket to accommodate the isoprenoid substrates. The deeper of the two pockets can accommodate the prenyl tail of the allylic substrate bound to the conserved aspartate residues of Region II, while the conserved aspartate residues of Region VI are the putative binding site for the homoallylic substrate (IPP) (Tarshis et al., 1996) .
The avian FPPS enzyme is active as a homodimer (Reed and Rilling, 1976 ) and the two 44 kDa subunits align themselves along an axis between α-helices D and E (Tarshis et al., 1994 (Tarshis et al., , 1996 . Plant, fungal and bacterial GGPPSases have also been reported to occur in dimeric form (Dogbo and Camara, 1987; Brinkhaus and Rilling, 1988; Laferrière and Beyer, 1991; Chen and Poulter, 1993) ; however, no information is available to date regarding the tertiary structure of any GGPPS. We have therefore modeled the tertiary structure of the Neurospora crassa GGPPS protein, based on both the sequence homology with 30 other prenyltransferases and the crystal structure of recombinant avian FPPS. We have used this model to examine the effect of mutations created in the GGPPS protein by the repeat-induced point mutation (RIP) mechanism in its mild form (Barbato et al., 1996) and also investigated the roles of both highly conserved and not conserved residues. The GGPPS protein model has provided a possible explanation for the reduced carotene content of several mutants and therefore constitutes a strong tool to identify functional residues by determining the possible effects of single mutations and their consequent influence of enzymatic activity.
Materials and methods

Sequence alignment and protein modeling
Sequences used for the multiple alignment were taken from releases 30.0 and 49.0 of the Swissprot and PIR protein databases, respectively. The programs PILEUP and PRO-FILESEARCH of the Genetics Computer Group package (Devereux et al., 1984) with default parameters were used to perform homologous sequence searches and multiple alignments. Secondary structure of the FPPS enzyme (1FPS in the Protein Data Bank) (Bernstein et al., 1977) was defined using the DSSP program (Kabsch and Sander, 1983) , and the PHD program (Rost and Sander, 1994; Rost, 1996) was used for secondary structure prediction of the N.crassa GGPPS enzyme and of avian FPPS. A comparison of the actual secondary structure of the avian FPPS enzyme with a prediction made by the PHD program was carried out as a blind test to control the reliability of the structure predicated for the N.crassa GGPPS protein.
Modeling was carried out on a Silicon Graphics Personal Iris, 30 MHz, IP12 computer using the program INSIGHT II (Dayringer et al., 1986) . The SearchLoop Protein command was used with five preflex and five postflex residues to find suitable geometries for residue insertion and deletion in the loop regions of the defined model. The model was subjected to limited energy refinement (program Discover, Steepest Descent Algorithm, Biosym Technologies, San Diego, CA). Wild-type and mutant dimeric model structures were evaluated with the ESCHER procedure (Ausiello et al., 1997) .
Mutagenesis of the GGPPS gene in Neurospora crassa by RIP and isolation and characterization of al-3 RIP mutants
A copy of the coding region of the N.crassa GGPPS gene (albino-3) was cloned into a Bluescript plasmid (pBSKϩ), used to transform an N.crassa Oak Ridge wild-type strain (74-OR23A). The transformed colony was then crossed to a wild-type strain of opposite mating type to obtain RIP mutants. Carotene-deficient albino mutants, identified by visual screening, were isolated and purified by the single colony isolation method. Each al-3 RIP mutant was then characterized by DNA sequence analysis, quantification of al-3 RIP mRNA levels and determination of carotenoid content (Barbato et al., 1996) .
Results and discussion
Building of the Neurospora crassa GGPPS model Multiple alignment of prenyltransferases. The first step in the building of the three-dimensional model of the N.crassa GGPPS protein was to evaluate the degree of homology of the primary structure of the GGPPS protein with that of other prenyltransferases. The Swissprot and PIR protein databases were screened by the FASTA and PROFILESEARCH programs and a list of 31 homologous protein sequences was obtained, including 14 FPPSases, 12 GGPPSases, two octaprenyl pyrophosphate synthases, an HPPS, a farnesylgeranylgeranyl pyrophosphate synthase and a dimethylallyl transferase. These sequences were subsequently aligned using the PILEUP program to produce an optimum multiple alignment of prenyltransferases, shown in Figure 1 (with the exception of yeast HPPS, as this protein has a stretch of 67 amino acids between conserved Regions I and II, not present in any other prenyltransferase). The alignment is in agreement with an alignment of a 95-amino acid portion of 25 polyisoprenoid synthases available through the Internet (http://www.sanger.ac.uk/pfam/) and shows that the overall primary structure of all prenyltransferases is very highly conserved. The differences in chain length of some prenyltransferases with respect to the majority are mainly due to variations in the length of terminal portions of the proteins, whereas the relative positions of residues which have been assigned critical roles in binding and catalysis are very highly conserved among all prenyltransferases. This is of great importance in the creation of a model structure based on homology and considerably increases the reliability of the prediction.
The alignment also confirms the presence of the conserved motifs in Regions I-VII in all the prenyltransferases compared. Furthermore, we have identified a conserved aspartate, lysine and serine or threonine downstream from the aspartate-rich motif GxxFQxxDDxxD...GK in Region VI. Our results (see below) indicate an active role for these conserved residues and we therefore propose that the active site consensus sequence in this region be extended to the amino acids shown in bold type in the sequence GxxFQxxDDxxD...GK(x)xxxDxxxxKxS/T. The residues in these highly conserved motifs define a consensus of~32 amino acids common to all prenyltransferases, located in the central region of the protein, as shown in Figure 1 . Secondary structure of Neurospora crassa GGPPS. To determine the secondary structure of the N.crassa GGPPS protein, the next step was to align the N.crassa GGPPS amino acid sequence (Carattoli et al., 1991) with that of a prenyltransferase of known structure, namely recombinant avian FPPS (Tarshis et al., 1994) . Direct alignment of these two sequences ( Figure  2) , derived from the multiple alignment reported in Figure 1 , gave an overall similarity of 38 and 21% identity. The GGPPS protein (433 amino acid residues) is 66 amino acids longer than the FPPS protein (367 amino acids); however, the majority of these residues are localized at the amino-terminus of the GGPPS protein.
Prediction of the secondary structure of the N.crassa GGPPS protein based on the alignment with the avian FPPS protein sequence was not possible in the amino-terminal region owing to a lack of sequence homology. Analysis of this region in the multiple alignment of prenyltransferase did not reveal any conserved residues either, and as strict sequence homology is a prerequisite for an accurate prediction of secondary structure, the portion of the N.crassa GGPPS protein comprising residues 1-135 was not included in the secondary structure prediction. Some local sequence divergence was observed in the carboxyterminal region (residues 377-424 of the N.crassa GGPPS protein); however, statistical methods for secondary structure prediction (PROCHECK, SURVOL and WHATIF) consistently predict the same conformation for the N.crassa GGPPS as the corresponding regions in avian FPPS (data not shown). The prediction of N.crassa GGPPS secondary structure carried out with the PHD program (Rost and Sander, 1994; Rost, 1996) is all α-helical with short interhelical regions, 80.1% identical with the actual secondary structure of the avian FPPS protein ( Figure 2) . As a control, we carried out a blind test, comparing the predicted secondary structure of the avian FPPS protein using the PHD program with the actual FPPS secondary structure. The predicted secondary structure was 89.7% identical with the actual structure of avian FPPS, confirming the reliability of the PHD secondary structure prediction of the N.crassa GGPPS protein.
The N.crassa GGPPS model protein.
The three-dimensional model of the N.crassa GGPPS protein was built ( Figure 3A ) based on the direct alignment between the avian FPPS and N.crassa GGPPS protein sequences shown in Figure 2 . Alignment of the secondary structure of avian FPPS and the predicted secondary structure of N.crassa GGPPS, also shown in Figure 2 , was used to improve sequence alignment. The first 135 residues of the N.crassa GGPPS protein were omitted from our model structure, in addition to a short region upstream from the carboxy-terminus (residues 406-418), owing to a lack of homology of N.crassa GGPPS with the avian FPPS protein. The model of the N.crassa GGPPS protein folds as a single domain with a core structure composed of anti-parallel α-helices, arranged so as to surround a large cavity. Helices have been named B-J to maintain the same names as used by Tarshis et al. (1994) for avian FPPS. The helices are connected by loops, the longest of which, connecting helices H and I, is characterized by three short mini α-helices (α-1, α-2 and α-3) which spiral above the core protein.
The allylic active site residues of Region II (Asp186, Asp187, Asp190, Arg195 and Arg196) and homoallylic active site residues of Region VI (Asp310, Asp311 and Lys324) are located near the carboxy-terminus of α-helix D and α-helix H, respectively, and the side chains of these conserved residues all extend into the cavity which forms the substrate binding pocket, as defined by Tarshis et al. (1994 Tarshis et al. ( , 1996 . Homology between avian FPPS and N.crassa GGPPS is Ͼ90% in the region of the active site [of the residues indicated by Tarshis et al. (1994) to be involved in substrate binding, 92.3% are conserved in N.crassa GGPPS].
In addition to the aforementioned active site residues, close inspection of the GGPPS model tertiary structure reveals the presence of other highly conserved residues situated on the surface of the substrate binding pocket, whose charged side chains also project into the cavity and may therefore participate in substrate binding and/or catalysis. We identified these residues as Asp251 located at the carboxy-terminus of α-helix F [part of the GQxxD motif in Region IV defined by Ohnuma et al. (1996b) ], Lys273 in α-helix G [part of the KTA/G motif in Region V defined by Koyama et al. (1993) and Asp329 and Lys334 (in the loop between α-helix H and mini α-helix α-1)] proposed in this paper as part of the extended second aspartate-rich motif in Region VI. In FPPS, Tarshis et al. (1996) have proposed an active role for Asp188 (equivalent to Asp251 in N.crassa GGPPS) in the interaction in allylic substrate binding of one of the coordinating Mg 2ϩ ions and for Lys214 (equivalent to Lys273 in N.crassa GGPPS) in stabilizing the interaction between the allylic substrate and IPP during catalysis.
The only active-site residue of the avian FPPS protein, not conserved in the N.crassa enzyme, is the third aspartate of the second aspartate-rich motif. The influence on enzyme kinetics of mutagenesis of this residue in archaebacterial, rat and yeast FPPS (Joly and Edwards, 1993; Song and Poulter, 1994; Koyama et al., 1996) are not all in accordance with the finding by Marrero et al. (1992) in rat liver that mutation of this residue did not alter enzymatic activity. However, the presence of asparagine in the homologous position in the N.crassa enzyme is evidence that an aspartate residue in this position is not critical for enzymatic activity.
GGPPS mutants.
A number of GGPPS partially functional mutant enzymes were created by a spontaneous mechanism that occurs in N.crassa called repeat-induced point mutation (RIP). During the premeiotic phase of a sexual cross, duplicate copies of a DNA sequence are specifically mutated by the RIP process, which creates a varying number of C-T transition mutations (Selker et al., 1987) . The albino-3 gene encoding GGPPS in N.crassa (Nelson et al., 1989 ) is one of the three albino genes in the carotenoid biosynthetic pathway which, if mutated, may confer a pale 'albino' phenotype, whereas wildtype N.crassa has a bright orange phenotype due to the production of carotenoids in both the mycelium and in vegetative spores (conidia). GGPPS mutants may therefore be easily identified by visual screening. DNA sequencing, mRNA analysis and quantification of carotene content were carried out on several albino al-3 RIP mutants (Barbato et al., 1996) . Having established that phenotypes were due exclusively to the point mutations introduced by the RIP mechanism, we decided to create the amino acid substitutions caused by RIP in our model structure in an attempt to see if the model could provide a structural explanation of the mutant phenotypes. We present here a possible explanation for the carotene deficiency in three al-3 RIP mutants.
Role of Ser336 mutant al-3 RIP1
. A serine or threonine residue in the position relative to 336 of the N.crassa GGPPS is highly conserved among prenyltransferases (Figure 1) . The conservation of an amino acid in the vicinity of the active site of an enzyme per se indicates a functional role for the residue concerned and we have proposed that the active site consensus sequence in Region VI be extended to include this serine (or threonine). In the model structure of the N.crassa GGPPS protein, Ser336 is located in the extended loop region between α-helices H and I ( Figure 3B ).
Mutant al-3 RIP1 has a point mutation in codon 336 causing serine to be replaced by asparagine ( Figure 4A ). This mutation is responsible for a 90% reduction in GGPPS activity, determined in a previously reported mutant named RP100, carrying the same mutation (Sandmann et al., 1993) . For this reason an enzymatic activity assay was not carried out for the RIP Fig. 1 . Multiple alignment of prenyltransferases. Residues conserved among all prenyltransferases are shown in red, residues highly conserved among FPPSases are shown in green and those conserved among all other prenyltransferases are shown in blue. Amino acid sequences are as follows, with numbered residues referring to N.crassa GGPPS: FPPSases from Gg, Gallus gallus (Chen et al., 1994) ; Hs, Homo sapiens (Sheares et al., 1989; Wilkin et al., 1990) ; Rr, Rattus rattus (Clarke et al., 1987; Teruya et al., 1990) ; Km, Kluyveromyces marxianus var. lactis (Mulder et al., 1994) ; Sc, Saccharomyces cerevisiae (Anderson et al., 1989) ; Nc, Neurospora crassa (Homann et al., 1996) ; Aa, Artemisia annua (Matsushita et al., 1996) ; La2, Lupinus albus (Attucci et al., 1995a) ; La1, Lupinus albus (Attucci et al., 1995b) ; Zm, Zea mays (Li and Larkins, 1996) ; At, Arabidopsis thaliana (Delourme et al., 1994) ; Bs, Bacillus stearothermophilus (Koyama et al., 1993) ; IspA Hi, Haemophilus influenzae (Fleischmann et al., 1995) ; IspA Ec, Escherichia coli (Fujisaki et al., 1995) . GGPPSases from Ca, Capsicum annum (Kunst et al., 1992) ; La, Lupinus albus (Aitken et al., 1995) ; At, Arabidopsis thaliana (Scolnik and Bartley, 1994) ; Rs. Rhodobacter sphaeroides (Lang et al., 1994) ; CrtE Eu, Erwinia uredovora (Misawa et al., 1990) ; CrtE Eh, Erwinia herbicola (Armstrong et al., 1990; Math et al., 1992) ; Bst1 Sc, Saccharomyces cerevisiae (Jiang et al., 1995) ; Nc, Neurospora crassa (Carattoli et al., 1991) ; Sa, Sulpholobus acidocaldarius (Ohnuma et al., 1994) ; CrtE Rc, Rhodobacter capsulatus (Armstrong et al., 1989) ; GerC3 Bs, Bacillus subtilis (Yazdi and Moir, 1990) ; CrtE Cp, Cynaphora paradoxa (Michalowski et al., 1991) . Octaprenyl pyrophosphate synthase from IspB Ec, Escherichia coli (Jeong et al., 1993) ; Hi08 Hi, Haemophilus influenzae (Fleischmann et al., 1995) . FPP/GGPPS from Mt, Methanobacterium thermoautrophicum (Chen and Poulter, 1994) ; DMAPP transferase from Mx, Myxococcus xanthus (Botella et al., 1995). mutants. The importance of Ser336 is demonstrated by the fact that enzymatic activity is drastically reduced when this residue is substituted. Furthermore, when Ser336 is substituted by asparagine, the model structure of N.crassa GGPPS shows that an abnormal hydrogen bond may be formed between Asn336 and Asp311, the second conserved residue in the allylic substrate binding site ( Figure 4B ). Possible role of . No information regarding the active conformation of the N.crassa GGPPS protein is available; however, the strong structural similarity between the N.crassa GGPPS and avian FPPS proteins and the fact that they are similar in weight (47 and 40 kDa, respectively), leads us to postulate that the N.crassa enzyme may also be active as a homodimer. Using the dimeric FPPS structure as a template, we built the GGPPS dimeric model structure which maintains good overall geometric complementarity at the interface between the two monomers (data not shown). The dimeric model structures were also evaluated with the ESCHER procedure (Ausiello et al., 1997) . The two dimeric subunits show good electrostatic and geometric complementarity.
1052
In mutant al-3 RIP3 , two residues probably involved in enzyme dimerization are mutated: Met250 is replaced by Ile and Asp256 is replaced by Asn, as shown in Figure 3C . The very pale phenotype of this mutant, indicating severely reduced enzymatic activity, may therefore be due to difficulty in dimerization or incorrect folding of the GGPPS protein, which consequently determine a less efficient or less stable enzyme. A model structure of al-3 RIP3 mutant has been tested with the ESCHER procedure and compared with that of the wild-type model structure. The wild-type protein dimer displays slightly more favorable electrostatic interactions, while geometric complementarity is remarkably higher in the wild-type dimeric model structure. Possible role of Met350, has three mutations in the extended loop between α-helices H and I which in avian FPPS has been proposed to be involved in substrate binding (Tarshis et al., 1994) . In the FPPS enzyme it has been predicted that the residues in the short α-helix, α-3, may form van der Waals contacts with hydrophobic side chains of residues in the loop between α-helices F and G and with α-helix I in the core Fig. 2 . Optimum alignment of the amino acid sequences of N.crassa GGPPS from residues 136 to 433 (Carattoli et al., 1991) and recombinant avian FPPS from residues 60 to 367 (Chen et al., 1994) . Conserved regions I-VII are boxed with active site residues as defined by Tarshis et al. (1994) shown in bold; identical residues are indicated with vertical lines and conservative substitutions are indicated with colons. Asterisks indicate modeled loop regions. The secondary structure of the N.crassa GGPPS protein, predicted by the PHD program (Rost and Sander, 1994; Rost, 1996) is shown above the primary structure and the secondary structure of avian FPPS defined by the DSSP program (Kabsch and Sander, 1983 ) is shown below the primary structure. Fig. 3 . Three-dimensional model structure of the N.crassa GGPPS protein. (A) Model structure of wild-type GGPPS from residue 136 to 433, with α-helices labeled B-J, comprising the following residues: B ϭ Gly136 to Gly143; C ϭ Ile149 to Leu161; D ϭ Leu168 to Glu189; E ϭ Ile211 to Leu225; F ϭ Lys232 to Asp256; G ϭ Glu263 to Gln286; H ϭ Val293 to Leu315; α-1 ϭ Phe337 to Arg344; α-2 ϭ Asn346 to Lys357; α-3 ϭ Asp362 to Glu374; I ϭ Gly377 to Glu398; J ϭ Leu419 to Lys428. The region of the loop connecting α-helices H and α-1, from residues Leu330 to Phe337, is shown in black. structure. In mutant al-3 RIP6 , residues Met350, Glu363 and Met373 are mutated to Ile, Lys and Ile, respectively ( Figure  3D ), which may destabilize such interactions or contribute to a conformational change which could render this region less efficient in aiding substrate binding.
Conclusion
Knowledge of the three-dimensional structure of a protein is of great importance to understanding how a protein carries out its designated function. In the absence of crystallographic studies which determine actual tertiary structure, predictions of tertiary structure can be made in the study of sequencestructure-function relationships. A three-dimensional model of the structure of a protein can also represent a powerful tool for genetic engineering as it may be used to predict the effects of mutations. This aspect is fundamental in the choice of residues to alter by site-directed mutagenesis, or in the evaluation of the relative importance of mutations in mutants carrying more than one mutation, or to address the problem of designing a mutation able to specify a desired effect.
The most reliable method of protein structure prediction is modeling by homology, i.e. modeling the structure of a protein based on the known tertiary structure of a homologous protein.
The model of the GGPPS protein from N.crassa reported here was built based on the known three-dimensional structure of avian FPPS. The similarity of both the primary sequence and the secondary structure, together with the conservation of the relative location of the active site residues in both proteins, increases the probability that the predicted structure of N.crassa GGPPS is accurate. Analysis of the GGPPS protein model gives a structural explanation to the conservation of many residues, such as Ser336, and provides a possible explanation to the reduced enzymatic activity of the al-3 RIP1 mutant in which Ser336 is mutated to Asn. In the mutant model structure Asn336 can make a hydrogen bond to the active site residue Asp311, possibly distracting it from substrate binding, which would account for the severe reduction in enzymatic activity of this mutant. The model structure has also provided a possible explanation for the reduced carotene content of two other mutants, al-3 RIP3 and al-3 RIP61 , which carry mutations in regions proposed to be involved in enzyme dimerization and substrate uptake, respectively.
